Proper sizing of interventional devices to match coronary vessel dimensions improves procedural efficiency and therapeutic outcomes. We have developed a novel method using inverse geometry x-ray fluoroscopy to automatically determine vessel dimensions without the need for magnification calibration or optimal views. To validate this method in vivo, we compared results to intravascular ultrasound (IVUS) and coronary computed tomography angiography (CCTA) in a healthy porcine model. Coronary angiography was performed using Scanning-Beam Digital X-ray (SBDX), an inverse geometry fluoroscopy system that performs multiplane digital x-ray tomosynthesis in real time. From a single frame, 3D reconstruction of the arteries was performed by localizing the depth of vessel lumen edges. The 3D model was used to directly calculate length and to determine the best imaging plane to use for diameter measurements, where outof-plane blur was minimized and the known pixel spacing was used to obtain absolute vessel diameter. End-diastolic length and diameter measurements were compared to measurements from CCTA and IVUS, respectively. For vessel segment lengths measuring 6 mm to 73 mm by CCTA, the SBDX length error was -0.49 ± 1.76 mm (SBDX -CCTA, mean ± 1 SD). For vessel diameters measuring 2.1 mm to 3.6 mm by IVUS, the SBDX diameter error was 0.07 ± 0.27 mm (SBDX -minimum IVUS diameter, mean ± 1 SD). The in vivo agreement between SBDX-based vessel sizing and gold standard techniques supports the feasibility of calibration-free coronary vessel sizing using inverse geometry x-ray fluoroscopy.
INTRODUCTION

Motivation
Obtaining accurate vessel diameters and segment lengths during coronary interventions is essential for sizing interventional devices, such as angioplasty balloons and stents. To maximize the therapeutic benefit and reduce the risk of complications, the length of the interventional device should match the length of the lesion, [1] [2] [3] [4] [5] and the diameter of the device should match the diameter of the healthy vessel on either side of the lesion ("reference diameter"). [6] [7] [8] [9] The gold standard method for measuring vessel dimensions during an intervention is intravascular ultrasound (IVUS). 10, 11 IVUS imaging is invasive and time consuming because it requires positioning the IVUS probe within the lesion, which limits its routine utilization. Alternatively, vessel dimensions can be obtained from cineangiograms using quantitative coronary angiography (QCA) techniques. 12 While less invasive than IVUS, QCA measurements can be time consuming and error prone because the vessel magnification needs to be determined to convert image measurements (in pixels) to absolute dimensions at the plane of the vessel (in millimeters). Vessel length is also underestimated if the vessel is not parallel to the image plane (i.e. foreshortened).
Scanning-Beam Digital X-ray (SBDX) is an inverse geometry x-ray fluoroscopy system which produces tomosynthetic images of the patient volume. 13, 14 We have developed a technique that uses the depth resolution inherent to SBDX tomosynthesis imaging to localize points along a coronary vessel and determine the vessel's 3D trajectory and magnification from a single angiographic frame. 15 In this paper, we apply this method in vivo using a healthy porcine 
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CCTA
Coronary CT angiography was used as the gold standard technique for measuring vessel segment length. The CCTA was performed using a 64 slice CT scanner (GE Discovery CT750, GE Healthcare, Waukesha, WI). After acquiring scout images, but before the CCTA, zatebradine HCl (Torcis Bioscience, Bristol, UK) was administered to lower the heart rate to below 80 BPM. The CCTA was performed under breath hold conditions by suspending mechanical ventilation at endexpiration during scanning. If needed, vecuronium was administered prior to scanning to prevent residual respiratory motion. The CCTA was performed with a 66 mL injection of iodixanol contrast agent (320 mgI/mL, Visipaque, GE Healthcare, Waukesha, WI), injected at 6 mL/sec, followed by a 60 mL saline chase at 6 mL/sec. Cardiac helical scanning parameters were: 120kV, 600 mA, pitch 0.24, 0.35 sec/rotation. Images were reconstructed at 75% R-R (enddiastole), with 0.39 x 0.39 x 0.625 mm voxel size.
SBDX
Angiography with SBDX was performed similar to conventional angiography, using femoral access to position a diagnostic catheter into the left main artery. Cineangiography of the left coronary vessels (LAD and LCx) was performed at multiple views and x-ray tube settings (typically 20 RAO and 30 LAO, 90-120 kVp, 10-15 frames/s) to create different imaging scenes and SNR levels. Contrast injections during angiography were performed by hand using iohexol (Omnipaque 350), and each angiographic run lasted approximately 10 seconds. Raw scan data were downloaded after the experiment for offline reconstruction and analysis.
To identify end-diastolic image frames, a scintillator and photomultiplier tube (PMT) with amplifier was positioned to detect the start of each SBDX image frame from scattered x-rays. The raw (1000x) ECG signal from a physiological monitor connected to the animal (Vital-Guard 450C, Ivy Biomedical Systems, Inc., Branford, CT) was simultaneously recorded. These ECG and PMT signals were then used to calculate the percent R-R interval for each SBDX image frame.
ANALYSIS
Diameter Measurements from IVUS
A semi-automated segmentation method was applied to the IVUS imaging sequences to obtain luminal contours on the transverse (cross sectional) images. An image-based cardiac gating algorithm was applied to identify the end-diastolic image frame from each heartbeat. 23 The end result of the algorithm was a sequence of indices corresponding to the enddiastolic IVUS image frames from each heartbeat.
A semi-automated segmentation method was implemented to identify the lumen borders for the purpose of measuring lumen diameter. The analysis method closely follows previously described methods. [24] [25] [26] Two methods were used to calculate the lumen diameter from the transverse lumen contours ( Figure 5 ). The vessel diameter was derived from the lumen cross sectional area by assuming the lumen had a circular cross section (i.e. = 2√( / )). The vessel diameter was also calculated as the minimum diameter from all possible diameters of the lumen contour. The area method was more robust against image noise but was prone to overestimation if the IVUS probe axis was not perfectly parallel to the true vessel centerline. The minimum diameter method was insensitive to probe orientation but tended to underestimate the vessel diameter due to noise in lumen contour. For the purposes of comparison to SBDX vessel sizing diameters, both methods of calculating IVUS lumen diameter were considered.
To register the IVUS images to the other modalities, vessel segments were identified based on the distal carina of branching vessels. For each vessel branch, the end-diastolic image frame on the distal side of the branch was identified in which the main vessel lumen and the lumen of the branch were continuous. Vessel segment endpoints were confirmed with annotations made during the IVUS recording, and segment lengths were cross checked against CCTA length measurements for consistency.
Length Measurements from CCTA
Analysis of the CCTA images was performed on a GE Advantage W Workstation (GE Healthcare, Waukesha, WI). Vessel lengths were measured at end-diastole by analyzing images reconstructed at 75% R-R interval. Semi-automated 3D centerline tracing of the LAD and LCx was performed by identifying the distal end of the vessel and the branch point 
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RESULTS
DISCUSSION
The SBDX vessel sizing algorithm measured both vessel length and diameter in a healthy swine model with submillimeter accuracy. Fifty vessel segment lengths were measured across multiple image frames resulting in 429 total measurements. The mean segment length from CCTA was 24.8 mm, and the SBDX measurements were within 0.49 mm on average. The diameters of 33 different sub-segments were compared between IVUS and multiple SBDX measurements for a total of 347 comparisons. For vessel diameters ranging between 2 and 4 mm, the mean diameter with SBDX was within 0.14 mm or 0.07 mm, depending on how the IVUS diameter was calculated. Given that interventional devices come in length increments of 4-5 mm and diameter increments of 0.25 mm, SBDX vessel sizing should be accurate enough to guide an interventionalist to select a device that matches vessel dimensions. The variability of the measurements (quantified by the standard deviation of the error) was 1.97 mm for the length and 0.26-0.27 mm for the diameter. These values represent the uncertainty of a measurement from a single image frame. With the algorithm fully automated (after the user identifies the segment of interest), the results of multiple image frames could be averaged together to improve the precision.
The measured variability of vessel measurements with SBDX depended on a number of factors, some of which are not related to the algorithm itself. In these experiments, each vessel was measured only once using the gold standard method (CCTA for length, IVUS for diameter). To put the variability of SBDX measurements into perspective, the multiple gold standard measurements of the same vessel would need to be performed to calculate the statistical variability of those modalities and compare to the SBDX method.
Some of the diameter errors may be attributed to the fact that IVUS and SBDX imaging were not performed at the same point in time. Physiological changes over the course of the experiment may have caused vessel dimensions to vary between modalities. This potential problem could be mitigated by performing the IVUS and SBDX imaging closer together, thereby minimizing the time discrepancy between the two measurements.
Other groups have compared diameter measurements in vivo between conventional QCA and IVUS. Davies et al. 27 showed a that conventional QCA underestimated vessel diameter by 0.12 ± 0.37 mm and 0.02 ± 0.34 mm (mean ± 1 standard deviation), when one or two angiographic views are used, respectively. Sinha et al. 28 measured differences between QCA and IVUS of 0.02 ± 0.12 mm, 0.04 ± 0.15 mm¸ 0.17 ± 0.23 mm, and 0.19 ± 0.17 mm, depending on the distance from the ostium of the artery. In both studies, the minimum IVUS diameter was compared to the QCA result. For the same type of measurement, the SBDX vessel sizing algorithm had a mean difference of 0.07 ± 0.28 mm, which put its accuracy and precision on par with existing methods.
CONCLUSION
This work reports the first in vivo validation of the accuracy and precision of a calibration-free SBDX vessel sizing algorithm. Measurements using this method had sub-millimeter accuracy on average when compared to gold standard methods. All measurements with SBDX were performed on single image frames without the use of a magnification calibration object (such as a contrast filled catheter) and without optimal, non-foreshortened views. This method may be less cumbersome and error prone than conventional QCA, and less invasive and time consuming than IVUS. By providing an accurate and rapid method for determining vessel sizes, this method could be used clinically to assist in the selection and sizing of interventional devices and potentially improve procedure efficiency.
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